ABSTRACT The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is a major pest of soybean, Glycine max (L.). Merr., that signiÞcantly reduces yield in northern production areas of North America. Insecticides are widely used to control soybean aphid outbreaks, but efforts are underway to develop host plant resistance as an effective alternative management strategy. Here, previously identiÞed resistant lines were evaluated in laboratory tests against Þeld-collected populations of soybean aphid and in Þeld-plot tests over 2 yr in South Dakota. Six lines previously identiÞed with resistance to soybean aphidÑJackson, Dowling, K1639, Cobb, Palmetto and SennariÑwere resistant in this study, but relatively high aphid counts on Tie-feng 8 in Þeld plots contrasted with its previously reported resistance. Bhart-PI 165989 showed resistance in one of two laboratory tests, but it had relatively large aphid infestations in both years of Þeld tests. Intermediate levels of soybean aphid occurred in Þeld plots on lines previously shown to have strong (Sugao Zairai, PI 230977, and D75-10169) or moderate resistance to soybean aphid (G93-9223, Bragg, Braxton, and Tracy-M). Sugao Zairai also failed to have a signiÞcant proportion of resistant plants in two laboratory tests against aphids Þeld-collected in 2008, but it was resistant in laboratory tests with aphids collected in 2002, 2005, and 2006. Overall, results showed that lines with Rag (i.e., Jackson) or Rag1 gene (i.e., Dowling) had low aphid numbers, whereas lines with Rag2 (i.e., Sugao Zairai, Sennari) had mixed results. Collectively, responses of soybean aphid populations in laboratory and Þeld tests in 2008 resembled a virulence pattern reported previously for biotype 3 soybean aphids, but virulence in soybean aphid populations was variable and dynamic over years of the study. These results, coupled with previous reports of biotypes virulent to Rag1, suggest that deployment of lines with a single aphid-resistance gene is limited for soybean aphid management, and that deployment strategies relying on multiple resistance genes may be needed to effectively use plant resistance against soybean aphid.
The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is a major pest of soybean, Glycine max (L.). Merr., in North America that signiÞcantly reduces yield in northern soybean production areas (Ragsdale et al. 2007 , Beckendorf et al. 2008 . Insecticide use was generally absent from these production areas before 2000, but acreage sprayed to protect yield from soybean aphid has increased dramatically (NASS 2011) . Effective alternative means of soybean aphid management are needed to reduce insecticide applications and the ensuing economic and environmental costs in soybean production systems.
Host plant resistance is one alternative management strategy. Several sources of resistance to soybean aphid have been identiÞed, and soybean lines resistant to soybean aphid have been commercially available since 2010 (Michel et al. 2011) . However, sustainable management of aphid-resistant lines depends on knowledge about their performance over time and among different regions, and this is especially true in light of virulent biotypes of soybean aphid that can overcome some sources of plant resistance (Kim et al. 2008 , Hill et al. 2010 , Michel et al. 2011 . For example, soybean lines that provided strong resistance against biotype 1 soybean aphids from Illinois were ineffective when tested against biotype 2 collected from Ohio (Kim et al. 2008 ). In addition, biotype 3 collected from Indiana was virulent against some sources of resistance that are effective against biotype 2 (Hill et al. 2010 ). These Þndings underscore need for regional testing of multiple sources of aphid resistance. The objectives of our study were to identify new sources of aphid-resistant soybean in laboratory screening assays and also to test newly identiÞed and previously identiÞed aphid-resistant soybean lines in Þeld plots where they would probably be challenged by a diversity of soybean aphid genotypes. Here, we report results of laboratory tests and Þeld evaluations of various resistant lines against soybean aphids in South Dakota.
Materials and Methods
The study consisted of eight tests of soybean lines in an environmental chamber and 2-yr of Þeld-plot evaluations. Environmental chamber tests were performed at North Central Agricultural Research Laboratory (NCARL), USDAÐARS, 1 km north of Brookings, SD, and Þeld evaluations were conducted at the Eastern South Dakota Soil and Water Research Farm, 2 km north of Brookings. Detailed information about each line tested is given in Table 1 . Evaluations of these lines were based on aphid numbers per plant, and putatively resistant lines were not otherwise tested for presence of aphid resistance genes.
Laboratory-reared soybean aphids were used to infest soybean plants in chamber tests and to supplement feral aphid populations on soybean plants in Þeld plots. Laboratory-reared soybean aphids consisted of a multiclonal colony composed of individuals collected from Þelds near Brookings and maintained for multiple generations on soybean in growth chambers (photoperiod of 16:8 [L:D] h at 22ЊC:18ЊC) separate from those used for tests at NCARL ). We collected multiple individuals from throughout a Þeld in any given year to improve the odds of increasing diversity within our colony. The colony was periodically restarted for reinvigoration and to ensure that it was representative of contemporary Þeld populations of soybean aphids. Aphids from discontinued colonies were discarded. Different soybean lines were used to rear soybean aphids depending on availability (Table 2) .
Tests in Environmental Chambers. Eight environmental chamber tests were conducted between 23 August 2005 and 13 March 2010 as part of a larger series of assays to screen public and commercial soybean lines for aphid resistance . One to two lines were used as resistant checks, and their use varied in part on availability. Four of the Þrst Þve tests included ÔSugao ZairaiÕ as a resistant check, and aphid-resistant line Jackson also was included in test 2. Sugao Zairai was not available after October 2008, so ÔDowlingÕ was used as a resistant check in test 7. Palmetto was used as the resistant check in test 4, and Palmetto and ÔSennariÕ were used as resistant checks in test 8. Tests 5Ð7 were conducted as a follow-up to resistance found in Bhart-PI 165989 in test 4 and included synonymous plants with different plant introduction numbers derived from the same or nearby regions as Bhart-PI 165989 on the Indian subcontinent. Preliminary results of tests 3 and 4 had been reported previously (Hesler and Dashiell 2009) and were included because of direct relevance to this study.
Experimental plants were prepared by placing two seeds of a line into an 8.5-cm square plastic pot Þlled with a 2:1:1 mixture of soil, peat moss, and either perlite or vermiculite. Up to 72 seeds of each line were planted per test, depending on seed availability. Soil mix was saturated with water, and 12 d later pots were thinned to one seedling each based on uniform seedling growth among lines. The soil surface of each test pot was then covered with a thin (Ϸ2-cm) layer of white sand to aid in seeing aphids that might drop during infestation. Two weeks after planting, one potted plant of each soybean line was placed into a 26.5 by 51-cm plastic ßat, with each ßat used as an experimental block. Two weeks after infesting, aphid infestations were distinctly light (Ͻ100 aphids per plant) or heavy (Ͼ Ͼ100 aphids per plant) on test lines and rated, respectively, as resistant or susceptible in the Þrst two tests. However, initial screening tests showed that some plants with only slightly Ͼ100 aphids were not rated as resistant; thus, meaningful resistance might have been missed. Accordingly, test ratings were adjusted in the last six tests so that plants with up to 150 soybean aphids were rated as resistant, and those with more aphids were rated as susceptible ). Ratings were converted to proportions (number resistant per eight replicate plants), and Fisher exact test was used to determine whether the relative proportions of resistant plants were independent of soybean line (Zar 2010) . When ratings were not independent, the proportions of resistant plants per line were compared among lines using a Tukey-type mean separation for proportions (P ϭ 0.05) (Zar 2010) . Beyer 1968) . Mean counts of aphids per soybean line each year were separated using the RyanÐEinotÐGabrielÐWelch Q test to control experimentwise type I error rate (Day and Quinn 1989) . Field testing of soybean was conducted with two broad categories of maturity groups (MGs) that consisted of either relatively early (MG 0 Ð3) or late lines (MG 6 Ð 8) ( Table 1) . Many of the aphid-resistant lines identiÞed for testing at the time of our study were late maturing, and this biased Þeld testing of ostensibly resistant lines toward late maturity. Thus, a runs test (Zar 2010 ) was conducted to test for clustering between MG in the ordering of soybean lines by aphid counts each year, with a result indicating signiÞcant clustering followed by post hoc contrasts between MG for each year.
Results
Chamber Tests. Lines differed in proportions that were resistant to soybean aphid in tests 1, 2, 3, 4, 7, and 8 but not in tests 5 and 6 ( (Fig. 1) . Fourteen lines tested in both 2007 and 2008 performed similarly relative to one another across years in terms of mean aphid counts, despite multifold differences in infestation levels between years (SpearmanÕs rank correlation, r ϭ 0.92, n ϭ 14, P Ͻ 0.0001).
The number of soybean aphids per plant differed by soybean line in 2007 (F ϭ 3.90; df ϭ 14, 41; P ϭ 0.0003) and in 2008 (F ϭ 8.49; df ϭ 17, 51; P Ͻ 0.001). In 2007, Jackson had less soybean aphids per plant than ÔTie-feng 8Õ, Bhart-PI 165989, and ÔDavisÕ; Dowling had less aphids than Tie-feng 8 and Bhart; and ÔCobbÕ and ÔD75-10169Õ had less aphids than Tie-feng 8. Other lines did not differ from one another in aphid numbers per plant. In 2008, Cobb had less aphids than Bhart-PI 165989, Davis, and Ô91B01Õ; Dowling and Jackson had less aphids than Bhart-PI 165989 and Davis; and ÔG93-9223Õ had less aphids than Bhart-PI 165989. Other lines did not differ from one another in aphid numbers per plant.
Test lines clustered by MG in terms of mean number of soybean aphids per line (runs test, P Ͻ 0.05; 2007, u ϭ 4; 2008, u ϭ 5), with late-maturing lines having the lowest aphid counts each year (Fig. 1) . However, both MGs had lines with high and intermediate aphid densities, and thus aphid counts did not differ between 
Discussion
Choice tests are ways in which dispersive arthropods, such as aphids, can be examined for their acceptance and utilization of host plants (Harris 1980) , and this type of test was used in both laboratory and Þeld portions of our study. The interpretation of choice-test results is limited when high aphid populations on susceptible plants cause spillover of transient aphids to resistant lines and artifactually inßate aphid counts on neighboring plants. Such limitations were minimized in our laboratory assays due to the relatively short period of testing (2 wk). In Þeld plots, 14 soybean lines in common both years ranked similarly in aphid numbers between the 2 yr of study, but the multiples of increase in aphid counts from 2007 to 2008 were not uniform across lines, with magnitudes of increase in 2008 inversely correlated with aphid counts in 2007 (r ϭ Ϫ0.68, n ϭ 14, P Ͻ 0.0077). This suggests that spillover of aphids to relatively resistant lines occurred in 2008 as heavier infestations on susceptible lines progressed, a greater proportion of virulent aphids were present in 2008 than 2007, or that both factors were responsible. Field plots were sampled in late July, when plants were in late vegetative to early reproductive stages. At this time, aphids had reached differential infestation levels among lines, but it was before susceptible plants exhibited signiÞcant signs of decline (e.g., leaf curling, extensive honeydew accumulation) and when transient movement of aphids to nearby resistant plants was probably still minimal. Future studies may be designed to sample plants in the Þeld more than once, i.e., at relatively early and late dates, to differentiate the effects of virulence versus spillover on putatively resistant plants.
Field testing is critical to conÞrm ostensible resistance identiÞed in the laboratory and other controlled settings against potentially diverse aphid populations (Michel et al. 2010 , Hesler et al. 2012 . However, various factors may affect expression of aphid resistance in the Þeld, including virulent aphid biotypes, growing conditions, and plant phenology (Boethel 1998 , Michel et al. 2011 . Soybean in our Þeld tests was subjected annually to feral populations of soybean aphid and to supplemental infestations from multiclonal laboratory colonies; thus, aphid infestation, albeit of undetermined biotype(s), was standardized across lines within each year. Likewise, growing conditions, such as planting date and plant nutrition, were similar among tests and across lines. Our Þeld tests of (Hill et al. 2006a , Li et al. 2007 ) and in Jackson by the Rag gene that maps to the same location (Hill et al. 2006b ).
K1639 and Cobb have a common ancestor to Dowling, and Cobb also has Jackson in its background. The pedigree of Palmetto is poorly known; thus, its basis for aphid resistance is unclear.
Resistance to soybean aphid in soybean lines Sennari and Sugao Zairai is controlled by the Rag2 gene that maps to linkage group F , Hill et al. 2010 (Hill et al. 2010) . Nevertheless, response to Rag2 by aphids Þeld-collected in 2009 differed from that in 2008, because Sennari was resistant to soybean aphid in a laboratory test to 2009-collected aphids. Although laboratory tests must be interpreted cautiously due to reduced genetic diversity of soybean aphid test populations (Michel et al. 2010) , our 2009 laboratory results showed no evidence that a biotype virulent to Rag2 was prevalent that year in Brookings County.
Counts of soybean aphids on other lines in Þeld tests contrasted with results from previous laboratory tests for resistance. For example, relatively high aphid counts on Tie-feng 8 in Þeld plots contrasted with a laboratory result indicating that it was resistant to soybean aphid , but they agreed with high aphid counts on Tie-feng 8 in a Michigan Þeld test (Mensah et al. 2005) . Intermediate levels of soybean aphid occurred in Þeld plots on lines shown to have strong (Bragg and D75-10169) or moderate resistance (G93-9223, Braxton, and Tracy-M) in previous laboratory tests Li et al. 2004; , 2009 ). The contrasting results reinforce Þndings about the need to Þeld test putatively resistant lines and not base predictions about resistance solely on laboratory tests (Michel et al. 2010) .
Each year of our Þeld tests had some soybean lines with aphid population levels that exceeded an economic injury level (EIL) of 674 soybean aphids per plant (Ragsdale et al. 2007 ). These lines were Davis, Bhart-PI 165989, and Tie-feng 8 in 2007 and all lines except Cobb, Dowling, and Jackson in 2008 (Fig. 1) . Thus, lines with Rag or Rag1 genes were able to suppress soybean aphid levels below the EIL in our study. However, OÕNeal and Johnson (2010) noted that soybean lines with only Rag1 as a source of aphid resistance probably require supplemental pest management for achievement of optimal yield. Indeed, previous Þeld tests of soybeans lines homozygous for Rag1 in South Dakota have had potentially injurious levels of soybean aphid (Carter et al. 2007 , Hesler et al. 2012 ). In our current study, relatively high numbers of soybean aphids on soybean lines with only Rag2 suggest that deployment of lines with a single aphid resistance gene seems limited for soybean aphid management at least in some years in South Dakota.
Host plant resistance is a potentially viable management strategy for soybean aphid, but presence of soybean aphid biotypes that are virulent to resistance genes complicates use of host plant resistance (Michel et al. 2011) . Because the ability to predict magnitude and virulence of annual aphid infestations in soybean does not currently exist, use of host plant resistance for soybeanÐaphid management may require deployment of multiple aphid-resistance genes through diverse means (e.g., stacking and interplanting) to ensure suitable aphid management (Michel et al. 2011 , Hesler et al. 2012 . Various resistance genes and strategies for deploying them should be evaluated in future Þeld studies.
